The presence of cholinergic nerve fibers in the brain vasculature has been a matter of controversy, partly due to the lack of a reliable histochemical marker. Ac cordingly, no distinct information about the origin and pathways for such fibers has been available. In the present study on the rat pial vasculature, utilizing a choline acetyltransferase (ChAT) antibody, which is able to demonstrate this enzyme in peripheral nervous tissue, evidence was obtained for an innervation by cholinergic fibers of large pial arteries. Vasoactive intestinal polypep tide (VIP) was present in or in close association with these fibers. By the aid of the retrograde axonal tracer True Blue (TB) applied to the middle cerebral arterial wall, such fibers were shown to originate in a subgroup of ChAT-positive cells in the sphenopalatine, otic, and in ternal carotid ganglia, which, in addition, contained VIP. The ChAT-positive pial nerve fibers were few in relation to the VIP-immunoreactive fibers, as was also illustrated by the few TB-positive cells in the ganglia that were
ChAT positive as compared with the number of cells that were VIP positive. Only a small population of ChAT containing neurons in these ganglia appeared to project to the pial vessels. The pathway from the sphenopalatine ganglion is via a membranous structure on the medial orbital wall, through the ethmoidal foramen, and along the internal ethmoidal artery to reach the circle of Willis. The fibers from the internal carotid and otic ganglia prob ably bridge to the internal carotid artery in the carotid canal, those from the otic ganglion after an initial course in the lesser superficial petrosal nerve. In addition, a weak accumulation of ChAT immunoreactivity was ob served along thick nerve bundles in the wall of large and smaller pial arteries. VIP fibers were running at some locations along these nerve bundles. Key Words: Cerebral blood vessels-Choline acetyltransferase-Cerebro vascular innervation-Parasympathetic nerves Retrograde axonal tracing-Vasoactive intestinal poly peptide 1982), rat (Edvinsson et al., 1972; Licata et aI. , 1975; Vasquez and Purves, 1979; Kobayashi et aI., 1983; Hara et al., 1985; Hara and Weir, 1986) , mouse, hamster, guinea pig, and cat (Edvinsson et al. , 1972) . All these histochemical studies were ex clusively based on nerve staining for AChE, origi nally developed by Koelle and Friedenwald (1949) . This enzyme is responsible for breakdown of the neurotransmitter acetylcholine (ACh). However, since AChE is found not only in cholinergic nerves but also in adrenergic and sensory nerves (Tervo, 1976; Hume and Waterson, 1978; Chubb et aI., 1980) , it is nowadays assumed that this enzyme may have other functions in the nerves besides disposi tion of ACh (Silver, 1974; Chubb et aI., 1980) . The possible existence of cholinergic nerves in the cerebral vessels has also been elucidated bio chemically: by measurement of the ACh-synthe-sizing enzyme choline acetyltransferase (ChAT) in the pial vessels from cattle, dog, cat, rabbit, and rat (Hardebo et aI., 1978; Florence and Bevan, 1979; Duckles, 198 1; Bevan et aI., 1982; Estrada and Krause, 1982) ; by measurement of high-affinity choline uptake and endogenous ACh levels (Duck les, 198 1); and by demonstration of stimulation evoked release of ACh after tissue loading with tri tiated choline (Duckles, 198 1) .
The lack of a good marker for the specific cholin ergic enzyme ChAT in peripheral tissues has made a histochemical demonstration of cerebrovascular cholinergic nerves difficult. However, the recent development in some laboratories of antibodies that stain ChAT also in peripheral tissue has opened this possibility. ChAT immunoreactivity has been dem onstrated within thick nerve bundles oriented lon gitudinally along large pial arteries from several species and in a few fine fibers distributed in a lon gitudinal and circular direction (Saito et aI. , 1985) . However, the apparent size and distribution of these nerve bundles do not correspond to those of other known nerve fibers in the pial vessels, i.e., noradrenergic, vasoactive intestinal polypeptide (VIP)-, substance P-, or calcitonin gene-related peptide-containing fibers. The origin and pathways of these ChAT -positive nervous structures in the pial vessels have not been known. To clarify whether ChAT is present within nerves in the pial vessel wall and to elucidate the possible origin and distribution of such ChAT-containing nerve fibers along the vascular tree, immunohistochemistry combined with retrograde axonal tracing was uti lized. In this study, a different ChAT antiserum, previously shown to stain ChAT in peripheral nerves (Lindh et aI., 1986) , was applied.
MATERIALS AND METHODS
Fifty adult male Sprague-Dawley rats weighing 250-350 g were used. Twenty rats were anesthetized with pento barbital (30 mg/kg i.p.) and perfused via the ascending aorta with an ice-cold mixture of 2% paraformaldehyde and 15% saturated aqueous picric acid solution in 0.2 M phosphate buffer (pH 7.2). The brain was immediately removed together with the major cerebral arteries. The pial vessels were carefully dissected out and fixed for 2 h by immersion in the same fixative. They were thoroughly rinsed for 24 h in a Tyrode solution containing 10% su crose at 4°C, followed by 1-h immersion in buffer without sucrose. The whole-mount specimens were placed on slides coated with chrome-alum gelatin, air dried for 30 min, and kept at -20°C overnight. According to sugges tions by P. M. Salvaterra (Beckman Research Institute, Duarte, U.S.A.), they were incubated in phosphate buffered saline (PBS; pH 8.1) for 5 min at 37°C, then transferred to PBS-containing protease (1.2 fl-g/ml; Pro-J Cereb Blood Flow Metab, Vol. 10, No. 3, 1990 nase, CalBiochem) for 90 s at 37°C, followed by several ice-cold buffer washes for a total of 5 min. They were processed for immunohistochemical demonstration of ChAT and VIP by the indirect immunofluorescence method (Coons et aI., 1955) .
The monoclonal ChAT antibody (lE6), which was gen erously provided by P. M. Salvaterra, was raised in mouse, selective for rat brain ChAT, and used in a dilu tion of 1 :20 (Crawford et aI., 1982) . The preparations were exposed to the antibody for 45 h at 4°C in a humid chamber and 3 h at room temperature. The site of immu noreaction was revealed by application of fluorescein isothiocyanate (FITC)-labeled goat anti-mouse IgG (Sigma) in a dilution of 1 :80. After this process the VIP antiserum raised in rabbit (R7854; Milab, Malmo, Swe den) was applied in a dilution of 1 :640 and incubated as above for 18 h. Then tetramethylrhodamine isothiocy anate (TRITC)-labeled pig anti-rabbit IgG (Dakopatts, Copenhagen, Denmark) was applied in a dilution of 1:20.
To control the specificity of the VIP antigen, some of the preparations were exposed to VIP antiserum that had been preabsorbed with excess amount of antigen (l00 fl-g synthetic VIP/ml diluted antiserum). The slides were ex amined in a fluorescence microscope and photographed. Although the antiserum did not show any cross-reactivity in radioimmunoassay tests, and preabsorption with syn thetic VIP resulted in no staining, cross-reactivity to other similar peptides and enzymes cannot be fully ex cluded. It is appropriate to refer to the immunoreactive materials as "ChAT-like" and "VIP-like"; however, for brevity the terms "ChAT" and "VIP" will be used in the text.
In another five animals, True Blue [TB; trans-1,2-bis (5-amidino-2-benzofuranyl)ethylene-2 HCI] was applied onto the surface of the proximal middle cerebral artery exposed by a zygomatical approach (Suzuki et aI., 1988) . In a further five animals, TB was applied on the same location together with ipsilateral transection of the fine membranous structure that emerges in the sphenopalatine ganglion and enters the ethmoidal foramen (Suzuki et aI., 1988) . In 10 more rats, TB was applied in the same way together with transection of either the lesser superficial petrosal nerve or the communicating branch to the tym panic plexus just proximal to the otic ganglion. Another 10 rats were subjected to TB application with sham op eration for these denervations. One week after the oper ations, the animals were killed by an overdose of intra peritoneal pentobarbital. The following structures were dissected out bilaterally: ciliary, sphenopalatine, otic, tri geminal, geniculate, jugular-nodose, CCC3 dorsal root, superior cervical, and internal carotid ganglia (Suzuki et aI., 1988) , as well as the Vidian (pterygoid) nerve, the greater superficial petrosal nerve, and the membranous structure between the sphenopalatine ganglion and eth moidal foramen. They were fixed overnight by immersion in periodate/lysine/paraformaldehyde fixative (McLean and Nakane, 1974) at 4°C. They were thoroughly rinsed for 48 h in a Tyrode solution containing 10% sucrose at the same temperature. The membranous structure was spread as a whole mount, whereas all other specimens were sectioned serially in a cryostat at lO-fl-m thickness for examination of tracer fluorescence. Sections with pos itive TB labeling were processed for ChATIVIP immuno histochemistry. The sections were reexamined and pho tographed in a fluorescence microscope fitted with appro-priate filters for alternative observation of TB, FITC, and TRITC fluorescence.
The structures of rat were named according to the no menclature of Greene (1935) .
RESULTS
Distribution of ChAT immunoreactivity along nerves in cerebral blood vessels from untreated animals A weak ChAT-positive fluorescence was seen within some thick nerve bundles in the adventitia of rat cerebral blood vessels. Such fluorescence could be observed in the circle of Willis, proximally in all its branches, in the vertebrobasilar artery, and to a lesser extent in smaller branches from all these ves sels down to a diameter of �50 !-lm. The ChAT positive nerve bundles mostly ran along the axis of the vessels. The nerve bundles were most abundant in the anterior cerebral artery ( ChAT -positive nerve bundles were seen only in pial spread preparations from 5 of a total of 20 animals. Fine VIP-positive nerve fibers could be seen run ning in these bundles at some locations ( Fig. Ic  and d ).
In three of these five animals, ChAT immunore activity was, in addition, seen in fine varicose nerves in the adventitia, forming a network beside the thick nerve bundles down to a vessel diameter of � 120 !-lm. Most of these nerve fibers were ob served close to or in the same nerve fibers as those containing VIP ( Fig. Ie and D . ChAT-positive fibers could not be observed in pial veins or venous si nuses.
Distribution of ChAT immunoreactivity in nervous pathways
A few ChAT -positive fibers were observed in the membranous structure between the sphenopalatine ganglion and the ethmoidal foramen ( Figs. 2 and 3) . No positive fibers were seen in the Vidian or greater superficial petrosal nerve.
Distribution of ChAT-positive nerve cells in cranial ganglia
Several ChAT-positive nerve cells were observed in the ciliary, sphenopalatine, otic, geniculate, jug ular-nodose, and rostral internal carotid ganglia ( Figs. 2 and 3 ). In the superior cervical, trigeminal, and CCC3 dorsal root ganglia, no ChAT -positive neurons were seen. Several ChAT-positive nerve fibers were observed in all these ganglia. The dis tribution of ChAT-positive cells is summarized in Table 1 . The population of VIP-positive cells was about twice as large as that of ChAT-positive cells in most of the ganglia, except the geniculate gan glion where no VIP neurons were observed. Almost all ChAT -positive cells in these ganglia were also VIP positive.
Retrograde axonal tracing
One week after TB application onto the middle cerebral artery, accumulation could be observed in the sphenopalatine, otic, trigeminal, superior cervi cal, and internal carotid ganglia on the ipsilateral side. No accumulation was observed in the ganglia on the contralateral side. A few of these TB positive cells in the sphenopalatine, otic, and rostral internal carotid ganglia were also positive for ChAT ( Fig. 4 ; Table 2 ). Most of the TB/ChAT-positive cells in these ganglia were, in addition, VIP positive ( Table 2 ). The number of TB-positive cells that were only VIP positive greatly exceeded that of TB and ChAT-positive cells. After prior section of the membranous structure between the sphenopalatine ganglion and the ethmoidal foramen, no TB accu mulation was found in neurons of the sphenopala tine ganglion. Transection of the lesser superficial petrosal nerve prevented accumulation of TB in the otic ganglion, whereas that of the communicating branch to the tympanic plexus failed to affect tracer accumulation.
DISCUSSION
The source and nature of the cerebrovascular cholinergic innervation have been discussed for de cades. The present study shows that ChAT is de monstrable in several neurons of cranial parasym pathetic ganglia of rat by the aid of a recently de veloped antibody (Crawford et aI., 1982) , and that a subgroup of these neurons in the sphenopalatine, otic, and internal carotid ganglia project to the pial arteries. The majority of these neurons also contain VIP. A localization of ChAT in fine varicose nerve fibers, forming a network in the wall of the large pial arteries, could also be demonstrated in some of the animals. These fibers appeared to be colocalized or to run in close association with VIP-positive fibers. Accumulation of ChAT immunoreactivity was found in relation to thick nerve bundles in the large pial arteries in some of the animals. This accumu lation was too diffuse to allow for a distinct inter pretation of its presence within nerve fibers; it might represent accumulation in, e. g., the perineu rium. Previous histochemical studies have lacked specific markers to visualize cholinergic nerve fi bers. Saito et ai. (1985) were the first to demon strate ChAT-immunoreactive nerve bundles in the cerebral vessels. Regarding the diffuse staining, the thickness, and the orientation of the nerve bundles, as well as their presence only in large pial arteries, it is reasonable to assume that the antibody demon strated the same location of ChAT as in the present study. Saito et ai. (1985) also found a few fine fi bers, whereas the presently used antibody localized ChAT in varicosities of such fibers in the large ves sels.
The difficulties in visualizing ChAT with the an tibody may depend upon low local concentrations, a low affinity for binding with the enzyme, or dif ferences in the enzyme molecule between central and peripheral ChAT. In fact, the mammalian en zyme still remains largely uncharacterized. The varying ability of the antibody to bind to ChAT in the pial vessels is compatible with its "capricious" behavior in other peripheral tissues (T. Hokfelt and P. M. Salvaterra, personal communications).
From the present findings it seems that only a minor portion of cerebrovascular parasympathetic nerves contain both ChAT and VIP; the majority of such neuronal cell bodies and fibers appear to con tain VIP but not ChAT. A low ChAT concentration in these fibers is probable, since transection of the membranous structure between the sphenopalatine ganglion and the ethmoidal foramen in rat does not reduce the ChAT content of pial vessels to any mea surable extent (unpublished observations). Further, only a minor denervation-sensitive pool of AChi choline is releasable in our hands upon exposure to an electrical field following preincubation of rat ce rebral arteries with tritiated choline (unpublished observations). In rabbit basilar arteries, on the other hand, a substantial tetrodotoxin-sensitive pool is releasable during similar conditions (Duck les, 198 1), and Hamel et ai. (1987) find evidence for the synthesis and release of ACh also in rat pial perivascular nerves.
There has been some controversy about the ori gin of the cholinergic (parasympathetic) nerves in the cerebral vessels. Kameyama et ai. (1982) re ported evidence for the third cranial nerve as a source for cerebrovascular parasympathetic nerves in dog. This ganglion is not likely to be a main source for these fibers in the rat, since no TB ac cumulation was observed in the ciliary ganglion af ter application on the middle cerebral artery.
From several studies in cat, dog, and monkey, the greater superficial petrosal nerve of the seventh cranial nerve has been suggested as a source for such nerves (Chorobski and Penfield, 1932; Cobb and Finesinger, 1932; D'Alecy and Rose, 1977; Pinard et aI., 1979) . The present study in rat clearly demonstrates that the postganglionic neuron does not originate in the geniculate ganglion, as pre- sumed by several previous investigators. The sphe nopalatine ganglion has been pointed out as a source of parasympathetic nerves in pial vessels by the aid of AChE histochemistry and denervation J Cereb Blood Flow Metab, Vol. 10, No. 3, 1990 experiments (Hara et aI., 1985) . However, AChE is not a specific marker for cholinergic nerves. The staining pattern by AChE of the neurons in the sphenopalatine and otic ganglia was different from that by ChAT in the present study, Almost all gan glion cells stained positively for AChE, whereas a limited number of cells were positive for ChAT in the present study.
One other source for ChAT -positive nerves in pial arteries is the rostral internal carotid ganglion. This cluster of ganglion cells at the junction be tween the greater superficial petrosal nerve, the Vidian nerve, the internal carotid nerve, and the greater deep petrosal nerve has been described by Chorobski and Penfield (1932) in monkey and Za charias (1945) in rat. The projections of this gan glion have not been fully elucidated, but the gan glion cells display AChE reactivity (Vasquez and Purves, 1979) , some cells are VIP positive (Suzuki et aI. , 1988) , and in the caudal part of the ganglion substance P-and calcitonin gene-related peptide positive cells are found (Hardebo et aI., 1989; Su zuki et aI., 1989) . Presently some of the ganglion cells were found to display ChAT immunoreactivi ty, and a few of these were found to distribute in the middle cerebral artery via a short bridge to the in ternal carotid artery in the carotid canal.
A third source for the ChAT -positive nerve fibers in pial arteries is the otic ganglion. A fiber connec tion via unknown pathways between this ganglion and the pial vasculature has been shown by retro grade tracer technique in cat (Walters et aI., 1986) and in rat (Suzuki et aI., 1988) . It was demonstrated here that these ChAT fibers run in the lesser super ficial petrosal nerve.
It is well known that VIP colocalizes with AChE in many nerve cells of the sphenopalatine and otic leG f-" If!,,. , Data are means ± SD. Abbreviations are the same as in Table I. ganglia (Hara et aI., 1985) . In the present study, �98% of the sphenopalatine ganglion cells were positive for VIP, whereas only 50% of the neurons were ChAT positive. Almost all cells that were ChAT positive also stained for VIP. A colocaliza tion of ChAT and VIP was also found in the ciliary, otic, jugular-nodose, and rostral internal carotid ganglia. The origins and pathways of the ChAT positive nerve fibers in pial arteries are summarized schematically in Fig. 5 . They are principally similar to those of VIP-positive nerve fibers (Suzuki et aI., 1988) . Both ACh and VIP are potent dilators of ce rebral vessels (Furchgott and Zawadzki, 1980; Lee et aI., 1984) , and stimulation of the presently dem onstrated pathway enhances cortical blood flow (Suzuki et aI., 1990) . Although a functional rela- tionship between ACh and VIP has been demon strated in some organs outside the brain (Lundberg et aI., 1980) , interactions have so far not been dem onstrated in the pial vasculature. Further, the phys iological and/or pathological conditions during which ACh-and VIP-containing nerves in pial ves sels are activated are not known. Apart from a cholinergic innervation of large pial arteries, such a supply is probably found in mi crovessels within the cerebral parenchyma. Evi dence has been presented for the presence of ChAT not only in the endothelium of such vessels but also in perivascular nerves; the latter are probably of intracerebral origin (Eckenstein and Baughman, 1984; Arneric et aI., 1988; Estrada et aI., 1988) .
